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Abstract
The use of augmentative and alternative communication (AAC) tools in patients
with amyotrophic lateral sclerosis (ALS), as effective means to compensate for the
progressive loss of verbal and gestural communication, has been deeply investigated
in the recent literature. The development of advanced AAC systems, such as eye-
tracking (ET) and brain-computer interface (BCI) devices, allowed to bypass the
important motor difficulties present in ALS patients. In particular, BCIs could be
used in moderate to severe stages of the disease, since they do not require preserved
ocular-motor ability, which is necessary for ET applications. Furthermore, some
studies have proved the reliability of BCIs, regardless of the severity of the disease
and the level of physical decline. However, the use of BCI in ALS patients still
shows some limitations, related to both technical and neuropsychological issues. In
particular, a range of cognitive deficits in most ALS patients have been observed. At
themoment, no effective verbal-motor freemeasures are available for the evaluation
of ALS patients’ cognitive integrity; BCIs could offer a new possibility to administer
cognitive tasks without the need of verbal or motor responses, as highlighted by
preliminary studies in this field. In this review, we outline the essential features of
BCIs systems, considering advantages and challenges of these tools with regard to
ALS patients and the main applications developed in this field. We then outline
the main findings with regard to cognitive deficits observed in ALS and some
preliminary attempts to evaluate them by means of BCIs. The definition of specific
cognitive profiles could help to draw flexible approaches tailored on patients’ needs.
It could improve BCIs efficacy and reduce patients’ efforts. Finally, we handle the
open question, represented by the use of BCIs with totally locked in patients, who
seem unable to reliably learn to use such tool.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease involving motor neurons in the cerebral
cortex, corticospinal tract, brainstem, and spinal cord. Clin-
ically, patients show signs and symptoms of upper and lower
motor neuron disease, with spasticity and hyperreflexia cor-
responding to the former, and fasciculations, weakness and
muscle wasting corresponding to the latter condition. Two
different types of onset are mainly distinguishable: the spinal
onset, with patients presenting initially with weakness and
atrophy distally in one limb and the bulbar one, character-
ized by severe dysarthria and dysphagia. In addition tomotor
symptoms, cognitive impairment, especially involving frontal
executive functions, is a typical feature of the disease. Also
“pseudobulbar” symptoms such as emotional lability, with
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difficulties in controlling episodes of laughing or crying, are
seen in a significant number of cases (Gallagher 1989). Usu-
ally, respiratory difficulties develop insidiously during the
course of the disease, causing dyspnoea andorthopnea,which
require either noninvasive or invasive ventilation. As disease
progresses, theweakness becomesmorewidespread,mobility
and function of upper limbs undergo a decline and patients
may become quadriplegic. Patients gradually lose the ability
to articulate words and phrases up to the total loss of verbal
communication, that is, anarthria.Moreover, since also limbs
mobility is impaired, it deprives patients of the ability to use
gestural communication.
Since patients may completely lose the ability to commu-
nicate, they could gain enormous benefit from technical sup-
port and augmentative communication strategies to continue
communication, despite the physical impairment that other-
wise would prevent it.
Thus, several questions arise: is communication possible
despite motor and cognitive impairments in ALS patients?
Moreover, is technology at hand to ensure patients a good
quality of communication? In this work, we attempt to an-
swer these questions with a literature-based approach, trying
furthermore to make some consideration about future chal-
lenges.
Technology represents nowadays a common approach to
give and/or improve communication in ALS patients. In par-
ticular, augmentative and alternative communication (AAC)
can be considered as a form of compensation, which aims
to help and improve communication abilities of individuals
with difficulties in using common channels of communi-
cation, especially verbal and written. The AAC systems are
defined augmentative because they extend or may even re-
place means of communication for physically impaired peo-
ple. At the same time, they are defined alternative as they use
multimodal methods of communication, which are different
from the traditional ones. AAC aims to compensate for a
temporary or permanent disability of communication (both
verbal and written or gestural) and it gives patients the op-
portunity to maintain their communicative function by pro-
ducing written or spoken messages, adopting methodologies
that range from simple technology (as alphabetic tables) to
high-tech computer systems, such as eye-tracking (ET) and
brain-computer interface (BCI) devices. The development of
these advanced AAC systems allow to bypass the motor dif-
ficulties present in ALS patients. In particular, BCIs could be
used also in moderate to severe stages of the disease, since
they do not require preserved ocular-motor ability, which is
necessary for ET applications.
BCI uses neurophysiological signals as input commands to
control external devices, bypassing motor output, and con-
veying messages directly from the brain to a computer. De-
spite the advantages provided by BCI systems, to date they
show some limitations, which concern technical and psycho-
logical issues that prevent to obtain optimal performances
with every subject.
Unfortunately, communication is just one of the problems
in ALS patients. In fact a variable range of cognitive impair-
ments in moderate to severe stages of the disease is reported
in many studies. The problem arises from the difficulties in
performing a standard neuropsychological battery, which is
generally made by tests and self-reports. Clinical evidence
shows that it is sometimes almost impossible to perform a
correct patients’ evaluation with such instruments.
In our opinion, BCI could represent an improvement of
such situation. The development of a specific neuropsycho-
logical battery, adapted to get answers from ALS patients
through the BCI, could represent a challenge for researchers
and a great chance for ALS patients.
On the other hand, the use of BCI for AAC with these pa-
tients shows several limitations. These obstacles are partly due
to technical issues, such as the transportation of the equip-
ment and the recording quality in ecological settings different
from the laboratory or the electrical artifacts that can alter
signals. Other issues to be considered are the fatigability of
the patients and the degree of distress they can feel, especially
during the training and the initial phases of the use of BCI.
Furthermore, the presence of cognitive impairment should
be taken into account to fully understand if the poor results
on BCI are due to patients’ cognitive deficits in comprehen-
sion, attention, concentration, etc. These important issues
will be discussed in the following sections.
Brain-Computer Interface
As previously mentioned, a BCI is a communication system
that enables the generation of a control signal from brain
responses such as sensorimotor rhythms and evoked poten-
tials; it bypasses motor output and conveys messages directly
from the brain to a computer. Therefore, it constitutes a novel
communication option for people with severe motor disabil-
ities, such as ALS patients. These systems can use a variety of
different electrophysiological signals.
This review summarizes the current state of P300-based
BCI systems focusing on its application for ALS patients.
Definition and essential features
of a BCI system
BCI is a communication system that does not depend on
the brain’s normal output pathways of peripheral nerves and
muscles (Fig. 1; Wolpaw et al. 2000); it is a technical interface
between the human brain and a computer, that allows com-
munication. Users explicitly manipulate their brain activity
instead of using motor movements to produce signals that
can be used to control computers or communication devices.
As a matter of fact, a BCI system sends a message via brain
activity to an external device, which performs the desired
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Figure 1. Schematic design and process of any BCI system.
action. In order to successfully use a BCI, feedback and the
following adaptation of brain activity are extremely impor-
tant. Brain activity can be monitored by several methods.
It is mainly based on the Electroencephalography (EEG) to
measure, for example, event-related brain potential (ERPs),
but other techniques are similarly available such as mag-
netoencephalography (MEG), positron emission tomogra-
phy (PET), functional magnetic resonance imaging (fMRI),
and functional near-infrared spectroscopy (fNIRS) (Wolpaw
et al. 2000). However, PET, fMRI, and fNIRS are technically
demanding and very expensive. Besides, they have a slow
time resolution that does not allow rapid communication.
Only EEG has a relatively short time constant, can be op-
erated in many environments, and requires inexpensive de-
vices, so it is the most practical and suitable method for BCI
development.
Learning a new skill
To successfully use BCIs, with the exception of the P300-
based BCI, users have to learn to intentionally manipulate
their brain signals. An approach for training users is called
operant conditioning and provides users with continuous
feedback as they try to control the interface (Tan and Nijholt
2010). The normal neuromuscular output pathways require
feedback in order to successfully perform operations. A BCI
that works as a replacement for these normal output chan-
nels also depends on feedback and on adaptation of brain
activity based on the feedback. Thus, a successful BCI re-
quires that the user develops a new skill, that is, the control of
specific electrophysiological signals, and that the BCI turns
this control into an output, which should correspond to the
user’s intent. As mentioned, a certain level of training is re-
quired for this dual adaptation between the computer and
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the user. One of the main problems related to the use of
BCI with ALS patients is the fatigue for the sustained at-
tention that is required to learn how to regulate the brain
activity. Several studies of BCI with ALS patients, in fact,
show that they may not be able to learn the skill to regulate
brain activity because they are too weak to tolerate long-term
training with focused attention (Kubler et al. 1999; Hill et al.
2006). Bai et al. developed a user-friendly BCI which requires
minimal training and less mental effort for ALS patients.
With this BCI ALS patients could achieve a good accuracy
in a BCI paradigm associated with human natural motor
behavior.
Dependent and independent BCIs
There are two different classes of BCIs: dependent and inde-
pendent. A dependent BCI does not use the brain’s normal
output pathways to carry the message, but activity in these
pathways is needed to generate the brain activity (Wolpaw
et al. 2002). For example, a dependent BCI uses a matrix of
letters that the subject selects by looking directly at it, so that
by recording the visual evoked potential (VEP) from the scalp
over the visual cortex it is possible to determine gaze direc-
tion (Sutter 1992). In this case, the brain’s output channel
is EEG but this signal depends on gaze direction and there-
fore on extraocular muscles and cranial nerves that activate
them.
In contrast, an independent BCI does not depend in any
way on the brain’s normal output pathways, because themes-
sage is not conveyed by peripheral nerves and muscles and
the activity in these pathways is not needed to generate the
brain activity. For example, an independent BCI uses a ma-
trix of letters that the subject selects by producing a P300-
evoked potential when certain letters flash (Donchin et al.
2000). The brain’s output channel is a certain signal in the
EEG and the generation of this signal does not depend on
the orientation of the eyes, but on the user’s intent (Sutton
et al. 1965; Donchin 1981; Fabiani et al. 1987). This second
group of BCIs seems to be more useful for ALS patients, who
show damage in the output ways of peripheral nerves and
muscles.
The elements of a BCI
There are four essential parts of a BCI: (1) information input
(i.e., recorded brain activity from the user), (2) signal pro-
cessing (i.e., the components that translate raw information
into output), (3) output (i.e., the commands administered by
the BCI system), and (4) operating protocol that determines
the timing of operation. These elements interact in order to
produce the user’s intention.
(1) Signal acquisition is themeasurement of the electrophys-
iological activity of the brain. This measurement is usually
recorded via electrodes that can be either noninvasive (e.g.,
EEG) or invasive (i.e., intracortical). Moreover, BCIs can be
categorized by whether they use evoked (e.g., EEG signals
elicitedbyflashing letters) or spontaneous (e.g., EEGrhythms
over cortex) inputs. Evoked inputs are generated by sensory
stimulation provided by the BCI, while spontaneous inputs
do not depend on such stimulation. The most common type
of input is EEG recorded from the scalp (Vidal 1977; Farwell
and Donchin 1988; Pfurtscheller et al. 2000; Freeman et al.
2003). In this first part of BCI systems, the input is acquired
by the electrodes, then amplified, digitalized, and sent to the
BCI system for further analysis.
(2) Signal processing is the procedure to extract specific sig-
nal features that reflect the user’s intent. In the signal pro-
cessing stage, feature extraction process is carried out and the
features are then converted, through translation algorithms,
into commands that can operate and control devices (for a
review see Norani et al. 2010).
(3) The output device is usually a computer screen and the
output is the selection of targets (letters or icons) presented
on it, performed by the BCI (see, for example, Farwell and
Donchin 1988; Wolpaw et al. 1991; Perelmouter et al. 1999;
Pfurtscheller et al. 2000). These targets are flashed or indi-
cated in various ways. Other BCIs output includes moving a
cursor on the screen, controlling a robotic arm, or controlling
some other physiological process.
(4) The operating protocol guides the BCI operations. It
defines how the system is turned on and off, what kind
of feedback is provided to the user, the sequence and the
speed of interactions between user and system, and the speed
with which the system implements commands (Wolpaw et al.
2002; Leuthardt et al. 2009). In most research protocols, the
investigator sets these parameters and the users do not have
on/off control, they just have to achieve very limited goals
and tasks. However, in real life the user must be able to do
these things by her- or himself and such differences canmake
the shift from research to application difficult.
Brain activity detection through EEG
A BCI system needs an input from the user’s brain and these
signals are converted in external operations; for this reason,
brain signals have to be detected. EEG usually uses small elec-
trodes placed directly on the scalp at standardized positions.
When a neuron is activated, a local current flow is produced
and weak potential differences (5–100 μV) between elec-
trodes are measured. A large population of active neurons
must be involved to generate electrical activity that can be
detected with EEG over the scalp (Srinivasan et al. 1998).
The electrodes record brain activity that is converted into
digital signals and a sequence of steps translate this signals
into commands.
A limiting issue with EEG recording is its low spatial res-
olution, ranging between 2 and 3 cm. Moreover, EEG is
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deduced from apical dendrites of cortical pyramidal cells
(Teplan 2002), thus activity of deeper structures can only
be studied indirectly. Because of the fluid, bone, and skin
that separate the electrodes from the electrical activity, sig-
nals tend to be smoothed and noisy. This makes it difficult to
locate the exact source of the oscillation. Nevertheless, EEG-
based BCI have been shown to support a high performance,
EEG is the predominant technology in BCI studies and most
of clinical applications of BCI in patients with severe motor
disorders have been demonstrated using EEG (e.g., Kubler
et al. 2005; Vaughan et al. 2006; Nijboer et al. 2008). The
changes in power of four frequency bands are used as control
signals for BCI systems: delta (1–3 Hz), theta (4–7 Hz), alpha
(8–12 Hz), and beta (13–30 Hz).
Four groups of electrophysiological signals
in a BCI system
Asmentioned above, different noninvasive electrophysiolog-
ical signals can be used as input for BCI systems. Therefore,
BCIs can be classified into four groups based on the electro-
physiological signals they use.
(1) Visual evoked potentials (VEP)
VEPs are evoked electrophysiological potential that can be
recorded throughout the visual system; they are extracted,
using signal averaging, from the electroencephalographic ac-
tivity recorded at the scalp. VEPs are elicited by visual stimuli
such as flashes of light or flickering illumination presented
on a screen. Users are presented with a panel with different
items and they have to fix their gaze on the item they want to
select. The items on the screen are activated sequentially to
elicit a visual evokedpotential. BCI detects theVEP elicited by
the stimulus where the subject looked at and the waveform
of the VEPs depends upon the temporal frequency of the
stimulus. In patients with neurological disease such as ALS,
Sutter (Sutter 1992), for example, described communication
problem with BCI due to artifacts caused by fasciculations.
Moreover, the VEP-based BCI requires that the user is able
to control gaze direction (Kubler et al. 2001b) and this is a
problematic issue for patients with completely locked-in syn-
drome. This kind of communication system is categorized as
dependent BCI, because it depends on muscular control of
gaze direction.
(2) Slow cortical potentials (SCP)
SCPs are slow voltage changes generated in the cortex. Users
can learn to control SCPs, although it requires a long train-
ing. Several studies showed that SCPs originating from cen-
tral and frontal regions could be brought under voluntary
operant control after training (Lutzenberger et al. 1993) and
the importance of the anterior brain systems for the control
of these functions has been further confirmed. As a matter
of fact, patients with prefrontal dysfunction show extreme
difficulties in learning SCP control, even if other cognitive
functions are preserved (Lutzenberger et al. 1980; Birbaumer
et al. 1986; Schneider et al. 1992). It is suggested that also
patient with ALS are unable to voluntarily control local cor-
tical excitation, because of the involvement of motor and
premotor cortical systems in this disease.
(3) Mu rhythm (sensorymotor rhythms SMR)
Mu rhythm refers to 8–12 Hz EEG activity that can be
recorded over primary motor and somatosensory cortex
when awake subjects are not engaged in processing sensory
input or producing motor output (Niedermeyer 2004). It is
usually accompanied by 18–26 Hz beta-rhythms. SMR are
associated with cortical areas most directly connected to the
brain’s motor output pathways. Movement or preparation
of movement is associated with a decrease in mu and beta
rhythms, labeled “event-related desynchronization” (ERD),
while relaxation is accompanied by a rhythm increase or
“event-related synchronization” (ERS) (Pfurtscheller 1999;
Pfurtscheller et al. 2000). Notably, these rhythm changes
occur also with motor imagery (i.e., mental representa-
tion of a movement) and do not require effective move-
ment (Pfurtscheller and Neuper 1997; McFarland et al.
2000). Therefore, they may be used in independent BCI
systems, which can be successfully adopted by paralyzed
patients.
(4) P300
P300 evoked potentials are the best studied ERPs and they
can be used as control signal in BCI systems. In the next
paragraph, P300-based BCI will be extensively treated.
P300-based BCI systems
P300 event-related potentials
The P300 event-related potential is one possible EEG-based
BCI control signal. These signals include both spontaneous
electrical activity of the cerebral network and the cortical
response to external or internal events. Event-related poten-
tials are defined as brain activity that is elicited in response to
events (Figs. 2 and 3; Donchin et al. 2000). ERPs can be dis-
tinguished in exogenous and endogenous. The former are the
result of early and automatic processing of stimuli, whereas
the latter correspond to later and more conscious processing
of stimuli (Kubler et al. 2001b). Conscious processing oc-
curs only after 100 msec, when the visual signal is under way
toward extrastriate areas and areas in the parietal and tem-
poral cortex, while unconscious processing starts in the first
100 msec and still occurs after this latency. Since endogenous
ERPs depend on subjects’ attention to contextual stimuli and
intentionality, they seem more suitable to be used in BCIs,
with respect to exogenous ones.
The P300 is a deflection in the EEG that occurs 200–
700 msec after stimulus onset and is typically recorded over
central-parietal scalp locations (Fabiani et al. 1987).
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Figure 2. A schematic representation of some components of an ERP.
Figure 3. A P300 BCI session.
The response is evoked by attention to rare or surprising,
task-relevant stimuli in a random series of stimulus events
(Fabiani et al. 1987), bymean of a simple discrimination task.
In this “oddball paradigm” (Farwell and Donchin 1988), two
stimuli are presented in a random order such as one of them
occurs relatively infrequently, that is the oddball. The subjects
are required to discriminate the infrequent target stimulus
from the frequent standard stimulus, by responding covertly
or overtly to the target. Subjects can be instructed to men-
tally count the target stimuli or to provide an overt response,
such as pressing a button or make a finger movement when
a target stimulus is detected. Events from the rare category
elicit the P300 component of the ERP. Besides, amodification
of the oddball task is the three-stimulus paradigm, in which
infrequent distractor stimuli are inserted into the sequence of
target and standard stimuli. In this case, a novelty P300 can
be produced, named P3a, which is an early peak, large over
the frontal and central areas and is thought to reflect frontal
lobe function. P3a can be elicited also for typical, rather than
novel, stimuli, when the perceptual distinctiveness between
the target and the standard stimulus is quite difficult and the
distractor stimulus is not novel, but highly discrepant. On the
contrary, P300 arising from the target stimulus detection is a
later peak with a large parietal amplitude, and has been called
P3b, which is synonymous with P300 (Polich 2004). While
P3a is produced when a demanding stimulus automatically
drives frontal lobemediated attention, P3b is produced when
attentional resources are intentionally allocated for stimulus
classification. From a neuroanatomical point of view, the P3a
is thought to reflect activity of the anterior cingulate gyrus
when new stimuli are processed into working memory. The
P3b is thought to reflect subsequent activation of the hip-
pocampal formation when frontal lobe mechanisms inter-
act with the temporal/parietal lobe connection (Polich 2007;
Verleger 2008). High task difficulty increases focal attention
and enhances P3a amplitude by constraining other memory
operations that reduce P3b amplitude and increase P3b la-
tency (Hagen et al. 2006). Most P300 clinical studies have
employed the P3b subcomponent.
The P300 is a slow wave oscillation associated with behav-
ioral relevant and attention processes; it can be considered
as an index of the amount of central nervous system (CNS)
activity related to incoming information processing. Besides,
it is thought to detect brain activity related to working mem-
ory when the neural representation of the stimulus environ-
ment changes with new sensory input. For these reasons, it
has been used as a measure of cognitive functions in both
healthy subjects and patients. The P300 component is mea-
sured by assessing its amplitude (size) and latency (timing).
While the amplitude consists of the voltage difference be-
tween a prestimulus baseline and the largest positive-going
peak of the ERPwaveformwithin a latencywindow, latency is
defined as the time from stimulus onset to the point of max-
imum positive amplitude within the latency window (Polich
2004).
In particular, P300 latency reflects stimulus classification
speed, with shorter latency associated to better cognitive per-
formances in attentional and immediatememory tasks. P300
measures are affected in neurological and psychiatric disease.
Moreover, latency is not dependent on overt behavioral re-
sponse and reaction times, so that it can be used as a motor-
free measure of cognitive function. In order to distinguish
the P300 from the background activity, generally dozens or
hundreds ERPs are generated and averaged, so that the noise
influence can be cancelled.
The amplitude of P300 is influenced by several factors: the
target probability of appearance, the amount of time passed
between the presentation of two stimuli, habituation effects,
attentional and motivational issues, and the task difficulty
(Gonsalvez andPolich 2002;Hoffmann et al. 2008; Kleih et al.
2010). In particular, the amplitude of P300 can be decreased
in presence of highly probable events, with the probability
for the target stimulus set to values around 10%. Besides, the
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shorter is the amount of time between two stimuli, the lower
becomes the P300 amplitude. The P300 amplitude can also
be decreased by habituation effects, which can appear when
repeatedly presenting the same item, but only when short
interblock intervals and many trial blocks are used (Polich
and McIsaac 1994). Finally, fatigue effects, with a reduction
in attentional capabilities, and a high task complexity can
cause a reduction in P300 amplitude.
Also biological factors influence P300 amplitude and la-
tency. Polich (2004) distinguished among natural factors
(such as circadian, i.e., body temperature and heart rate,
ultradian, seasonal, and menstrual cycles), environmentally
induced factors (exercise, fatigue, drugs, and alcohol assump-
tion), togetherwith constitutional (age, gender, handedness),
and genetic components. Biologic ERP effects can be reduced
by ensuring that subjects are assessed similarly with respect
to most of these variables.
Auditory, visual, and tactile P300-based BCIs
P300 used in BCIs can involve visual, auditory, or tactile
stimuli presentation. In the field of BCI systems develop-
ment, an important issue is to determine if a BCI device
can work effectively using different presentation modalities,
since possible users may have auditory or visual deficiencies.
Previous research has shown that both auditory and visual
oddball tasks elicit large P300 responses (Squires et al. 1977;
Duncan-Johnson and Donchin 1982; Fabiani et al. 1987). In
addition, McDonald et al.(2000) and Teder-Salejarvi et al.
(2002) reported higher accuracy and larger ERP amplitude
when auditory and visual stimuli were presented simultane-
ously, than when either modality was presented by itself.
Farewell andDonchin (1988) first used P300 to select items
displayed on a computer monitor, by presenting participants
with a 6 × 6 matrix, with each of the 36 cells containing one
character. Participants were asked to pay attention to one of
those cells, while the matrix rows and columns flashed in
random order. In one trial of 12 possible flashed lines (six
rows and six columns), the target cell flashes only twice: once
in a column and once in a row. These two rare events typically
elicit a P300 response. This example of oddball paradigm
has been employed in order to build a P300 speller system,
allowing users to communicate by mean of EEG recording.
A main issue of visual P300 is the use in subjects that suf-
fer from visual impairments. In fact, users are required to
fixate the matrix cell on the screen and to concentrate on
itFor such reason, a preserved visual attention is supposed to
be necessary in order to use P300 BCI. Treder and Blankertz
(2010) investigated if a good performance at BCI depends
on eye movements control (i.e., overt attention) or whether
it is also possible with targets in the visual periphery (covert
attention). They found that ERP-based BCI can be driven
in both modes of attention, but the performance was sig-
nificantly better for overt attention. The authors suggest the
importance of developing innovative spellers that are reli-
ably based on peripheral vision, since most of ALS patients
show impaired eyemovements. Also Brunner et al. (2010) ex-
plored this issue and found that the accuracy of P300 speller
is affected by gaze direction, so its clinical applicability in ALS
patients with impaired gazemay be limited. In such cases, au-
ditory stimuli could bemore suitable. The auditory version of
the oddball tasks uses two different tones and an interstimuli
interval of a few seconds, with the target stimulus occurring
less frequently than the standard stimulus. As in the classic
visual paradigm, the subject is required to distinguish be-
tween the two tones by responding to the target with a covert
or overt response.
Only few studies have employed auditory oddball to elicit
particular event-related potentials with P300 BCIs systems
(see, for example, Hill et al. 2006; Sellers and Donchin 2006;
Furdea et al. 2009; Klobassa et al. 2009). Hill et al. (2006)
used a paradigm of two simultaneous pure tone streams, in
which subjects focused their attention on one of the streams
and ignored the other to make a binary decision. Sellers and
Donchin (2006) tested healthy volunteers and ALS patients
with a P300-based BCI. The words were presented visually,
auditorily, or in both modalities. The authors were able to
show that although the visual and visual plus auditorymodal-
ity reached higher accuracy levels, a P300-based BCI using
the auditorymodality is feasible for both healthy anddisabled
subjects. However, the speed of the system is reduced, since
spoken words were used.
The major limitation of some of these paradigms is that
they provide no more than two to four alternative choices
per trial. An auditory spelling system was presented by
Furdea et al. (2009), which realized a multichoice auditory
BCI by a 5 × 5 matrix of spoken numbers. Each character’s
position in the matrix was coded by two auditorily presented
number words: one corresponding to the row and one cor-
responding to the column. To select a particular target char-
acter, the participant had to attend to the two target stimuli
representing the coordinates of the character in the matrix.
The subjects were instructed to first select the row number
and then the column number containing the target letter.
The authors found lower accuracy in the auditory modality
than in the visual modality. Klobassa et al. (2009) designed a
paradigm that uses auditory stimuli to operate a 6 × 6 P300
speller, thereby increasing the number of choices per trial
to 36. Even if they found a higher accuracy with respect to
previous studies using auditory BCIs, however, the speed and
accuracy of the auditory speller was still lower than that of the
visual version. In fact, average accuracy for the 6× 6 36-item
matrix for the visual P300 speller is typically 80–90% (e.g.,
Krusienski et al. 2006; Sellers et al. 2006), whereas in this
study the mean online accuracy of the auditory P300 speller
for the last sessions was about 66%.
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BCI based on EEG responses to vibrotactile stimuli has
the advantage of not requiring the presence of preserved vi-
sual or auditory system and of being potentially unnoticeable
to other people. Moreover, they can be used in navigational
applications, since a correspondence between the tactile stim-
ulation and the spatial information is present.
Brower and van Erp (2010) investigated the feasibility of a
tactile P300-BCI. Participants were asked to attend to the vi-
brations of a target, embedded within a stream of distracters.
The number of targets was two, four, or six. The authors
did not find a difference in Step-Wise Linear Discriminate
Analysis (SWLDA) classification performance between the
different numbers of tactors. They demonstrated the feasi-
bility of a tactile P300 BCI and also proved that the stimulus
onset asynchrony (SOA) for an optimum performance was
close to the conventional SOA of visual P300 BCIs.
P300-based BCIs: advantages and challenges
P300-based BCIs are independent BCI systems, since the gen-
eration of P300 does not depend on the exact orientation of
the eyes and on the activity of peripheral nerves andmuscles,
but it mainly depends on the user’s intent to pay attention to
one stimulus. With the limitations described below, its use is
possible with patients suffering from impairment in oculo-
motor dysfunctions, such as ALS and locked-in patients.
Besides, a P300-based BCI does not require initial user
training in order to generate a P300 in response to the de-
sired target. In a recent study, Guger et al. (2009) proved
that the P300-based BCI can achieve high accuracy after only
5min of training. In such study, 72.8%of the subjects reached
100% accuracy with a row-column paradigm speller. Inter-
estingly, they found that the system was more accurate for
people who slept less the previous night, while no signifi-
cant differences were observed with regard to gender, level of
education, working duration, and cigarette and coffee con-
sumption. These results overcome those obtained in a previ-
ous study by Guger et al. (2003), where they tested a motor
imagery-based BCI system and found that, after 20–30 min
(two sessions) of training, about 93% of the subjects were
able to achieve classification accuracy above 60%. These find-
ings highlights that P300-based BCIs are a far more practical
choice than SMR-based BCIs. In P300-BCIs, P300 ERPs from
several trials are averaged, in order to improve accuracy and
reduce noise. The classifier discriminates which stimuli elicit
a robust P300. If none of the stimuli provoke an ERP different
from other ERPs, this indicates that it is not possible to use
P300 for communicating. Such phenomenon has been ob-
served across different BCI approaches, with 20% of subjects
being not proficient in using BCI, and it has been called “BCI
illiteracy” (Kubler and Muller 2007). The main explanation
of such phenomenon is that not every person can generate
the brain activity necessary to control a specific BCI. In fact,
even if all people’s brain shares (more or less) the same func-
tional properties and subdivisions, some differences in brain
structure can be present. For example, some users produce
P300 evoked-related potential not detectable at the level of
the scalp, so that EEG cannot be effectively performed. In
particular, it has been observed that 10% of healthy subjects
do not produce a robust P300.
Some issues must be considered while planning to use a
P300-BCI system. Two important criteria in order to evaluate
the feasibility of a BCI system are the speed and the accuracy
(Kubler et al. 2001a). The former is related to the fact that
the more rapidly a BCI can be controlled, the more amount
of information can be produced by the user, and the faster
communication is possible. Obviously, compared to speech,
the communication rate is reduced with BCI, but a limit
presumably exists, below which the communication rate of a
BCI should not fall.
Accuracy is the percentage of correct selections per time
intervals. It represents a relevant issue, since awrong selection
could turn into an error in communication, with both prac-
tical and psychological consequences for the user. In order to
avoid it, the BCI system must be equipped with options that
allow a user to correct wrong selections. A balance between
speed and accuracy should be identified. Besides, accuracy
is diminished also by the close temporal proximity of multi-
ple target stimulus presentation. More specifically, the close
temporal proximity of target stimuli leads to severely dimin-
ished accuracy (Martens et al. 2009; Salvaris and Sepulveda
2009; Citi et al. 2010). Although this phenomenon may have
been detected early on (Serby et al. 2005), recently a more
concerted effort has been observed in the literature in order
to try to overcome such limitation.
Moreover, technical challenges are related to the recording
quality in environment different from the laboratory setting,
such as the user home, when different sources of noise can
disturb the EEG recording (Sellers et al. 2006). Besides, the
patient respirators may introduce electrical or mechanical
artifacts. In the end, perceptual and cognitive abilities, in
particular the capacity to pay selective and sustained atten-
tion to the target stimulimust be consideredwhen employing
P300 with neurological patients. It is necessary to determine
whether or not a user is able not only to see the computer
display, but also to focus on a particular stimulus on the
display. Furthermore, since using a P300-BCI requires atten-
tion and concentration and interference may occur between
counting the number of flashes of the matrix cell and simul-
taneously concentrating on the characters to be selected, the
user should not be distracted. Therefore, it may be difficult
to use P300 in everyday life. Some pilot studies have shown
that some patients may not be able to learn the necessary
skills for proper and effective use of the P300-based BCI, due
to an excessive distractibility and an incapacity to tolerate a
long-term training (Kubler et al. 1999; Hill et al. 2006).
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Other issues thatmay be problematic, especially during the
initial stages of training with the BCI, are the boredom and
the frustration that are sometimes reported by the patients
themselves. However, a recent study shows that motivational
aspects are positively correlated with performance related to
the BCI, by suggesting that highly motivated patients can get
good results from the use of BCI as a communication tool;
besides, some benefits with regard to patients psychological
well-being seem to arise from satisfaction for the obtained
results (Martens et al. 2009; Kleih et al. 2010).
When planning to use P300 as an AAC device, it should
be taken into account that the use of such technology is not
always easy to understand for the patient and often a training
is needed, which should involve both the patient and his/her
family. Besides, the AAC system should be developed accord-
ing to the communicative needs of the specific person, and
the tools provided must be flexible and adapt to the changes
which may occur in the person needs (psychological, emo-
tional, and social) and abilities. In fact, most of the patients
who use BCI devices show some degree of cognitive impair-
ment, which may has negative effects on the performances.
Thus, it is compelling to extensively assess the presence of
cognitive deficits and this is particularly relevant for ALS
patients according to the most recent findings.
Cognitive Impairment in ALS
Although ALS is traditionally described as a pure motor dis-
ease, evidence has accumulated that ALS is a multisystem
disease that also involve a range of cognitive deficits in most
patients, with a small proportion (5–15%) meeting criteria
for frontotemporal dementia (FTD). Frequency, severity and
types of cognitive impairments in ALS vary widely. The rea-
son lies partly in the source of patients and in the different
methods used to assess cognition in the different series of
ALS patients. Early reports suggested that the prevalence of
cognitive impairment was about 1–4% (Brownell et al. 1970;
Jokelainen 1977; Eisen and Krieger 1993; Strong et al. 1996),
but one of the largest study so far found a significant cogni-
tive impairment in 36% of nondemented patients (Massman
et al. 1996). In more recent studies, the occurrence of cog-
nitive deficits in ALS without dementia has been reported in
up to 50% of patients (Abe et al. 1997; Lomen-Hoerth et al.
2003; Phukan et al. 2011). Although cognitive assessment in
patients with ALS is difficult due to the severe physical dis-
abilities related to the disease itself, the most consistently re-
ported cognitive changes regard frontal executive functions,
that is, verbal fluency, mental flexibility, attention, work-
ing memory, planning, and abstract reasoning. Dysfunctions
in memory and language are also present, but to a lesser
degree.
Verbal fluency has been found to be impaired in themajor-
ity of cognitive studies in ALS (Gallassi et al. 1989; Ludolph
et al. 1992; Kew et al. 1993; Abe et al. 1997; Abrahams et al.
2000, 2005b; Lomen-Hoerth et al. 2003). Both letter and cat-
egory fluency seem to be disturbed and this simultaneous
impairment reflects dysfunction in components of the exec-
utive system. Abrahams et al. (2000) related the impairment
on tests of intrinsic response generation, that is, Written Ver-
bal Fluency Test, Category Fluency Test, and Design Fluency
Test, to a higher order dysfunction, implicating deficits in
the central executive component of working memory; these
deficiencies do not depend on an impairment in primary lin-
guistic ability. Letter fluency deficits in ALS have been shown
to be independent of motor disability and speech weakness
using a written version, which includes a motor control con-
dition and correction for motor speed (Abrahams et al. 1997,
2000).
Difficulties with concept formation and mental flexibility
measured by the Wisconsin Card Sorting Test have also been
reported inmany studies (David andGillham1986;Massman
et al. 1996; Abrahams et al. 1997; Evdokimidis et al. 2002).
However, according to Phukan et al. (2007), deficits in this
test are less reliably found than in other tests like in those for
verbal fluency in patients with ALS. Accordingly, findings of
impaired performance onWCST have not been confirmed in
several studies (Ludolph et al. 1992; Kew et al. 1993; Talbot
et al. 1995).
Impairments in the attentional system are often associ-
ated with damage of the frontal lobes. Attention deficits
have been described in ALS, especially with concern to se-
lective and divided attention (Vieregge et al. 1999; Schreiber
et al. 2005; Pinkhardt et al. 2008). Problems with concentra-
tion and distractibility have been described for the Stroop
Test; Evdokimidis et al. (2002) correlated the difficulties in
Wisconsin Card Sorting Test and Stroop Test with dis-
tractibility factor scores for an anti-saccade ocular motor
paradigm, which represents another valid test of frontal
lobe function, that allows to avoid motor and verbal
responses.
Patients with ALS show cognitive deficits also in other
areas than executive function, but the evidence is less con-
sistent. For example, there is no agreement about memory
decline: several studies have reported impairment in short-
term memory (Gallassi et al. 1989; Kew et al. 1993; Hanagasi
et al. 2002), while deficits in delayed recall are variable, sug-
gesting a disorder in the encoding of information rather than
in the speed of forgetting. Mantovan et al. (2003) detected a
poor primacy effect, that is indicative of a long-term mem-
ory deficit, and suggested that poor performance onmemory
tests may be indicative of a failure to generate stable long-
memory traces at encoding rather than a failure in memory
retrieval. However, there is no agreement in the interpreta-
tion of memory failures in terms of frontal lobe dysfunction:
impairments in delayed recall (of three words and a short
story) were assumed by Iwasaki et al. (1990) as an effect of
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medial temporal lobe pathology, on the basis of the role of
the medial temporal lobes in recall of learned information.
Language abnormalities have also been described and they
included impoverished verbal output (Strong et al. 1999; Bak
andHodges 2004), deficits in confrontation and objects nam-
ing (Massman et al. 1996; Strong et al. 1999; Bak and Hodges
2004; Abrahams et al. 2005), difficulties in syntactic com-
prehension (Rakowicz and Hodges 1998), and paraphasias
(Rakowicz and Hodges 1998; Strong et al. 1999). However,
some studies have found no naming deficits in ALS patients
(Kew et al. 1993; Abrahams et al. 2000), so the existence of a
true aphasic disorder is still a matter of debate. Moreover, the
difficulty in distinguishing articulatory from linguistic dis-
turbances complicates the interpretation of the aphasic-like
symptoms. Most authors ascribed the language impairment
to executive deficits rather than to aphasia; poor verbal flu-
ency or errors in sentences comprehension in the absence of
symptoms of expressive or receptive language impairment,
for example, result fromahigher order executivedeficit rather
than primary linguistic abilities (Talbot et al. 1995; Abrahams
et al. 2000). On the contrary, other studies interpreted diffi-
culties in comprehension as an evidence of aphasia (Doran
et al. 1995). According to Tsermentseli et al. (2012), however,
there is currently insufficient evidence to support the idea
that language deterioration is related to executive dysfunc-
tion rather than to an aphasic syndrome.
Emotional processing and social cognition have also been
investigated in ALS. Papps et al. (2005) found a failure to
show the normative pattern of enhanced recognition mem-
ory for emotional words in ALS patients. In addition, one
study showed that in early stages of the disease emotional
responses of ALS patients tend to be altered toward positive
valence and toward a more balanced arousal state: they ex-
press more positive verbal emotional judgements and rate
exciting pictures as less arousing and exciting than controls
(Lule et al. 2005). In a group of nondemented ALS patients
Girardi et al. have found a deficit of Theory of Mind, that is,
an impairment in inferring themental state of another on the
basis of a simple social cue, that is over and above the presence
of executive dysfunctions and suggests a profile of cognitive
and behavioral dysfunction indicative of a subclinical FTD
syndrome.
Behavior impairment is now recognized as another typ-
ical feature of ALS and cognitive and behavioral impair-
ments can coexist in approximately 25% of ALS patients
(Newsom-Davis et al. 1999; Murphy et al. 2007). Up to 63%
of patients are apathetic, irritable, inflexible, restless, and
disinhibited (Lomen-Hoerth et al. 2003; Murphy et al. 2007;
Phukan et al. 2007). Emotional lability, that is, the patho-
logical occurrence of sudden episode of laughing or crying,
has been estimated in 10–20% of ALS patients (Newsom-
Davis et al. 1999).However, those episodes are not necessarily
in line with the emotional state of the patient. The prevalence
of ALSbi, that is, behavioral impairment that does not meet
diagnostic criteria for FTD, varies depending on methodol-
ogy and diagnostic criteria. One feature which is consistent
across many studies is the presence of apathy. Grossman et al.
(2007) used the FrSBe (Frontal System Behavioral Scale) to
assess changes in apathy, disinhibition, and executive dys-
function in ALS patients; results showed a high incidence
of behavioral changes, particularly regarding apathy (55%),
and emphasized the usefulness of the scale for detecting be-
havioral functioning in these patients. Bulbar-onset disease
was significantly related to apathy ratings indicating that pa-
tients with bulbar-onset ALS are more likely to develop be-
havioral symptoms than those with limb-onset disease. This
finding is consistent with previous reports demonstrating
that cognitive dysfunctions are more common in individ-
uals with bulbar-onset ALS (Abrahams et al. 1997; Strong
et al. 1999; Lomen-Hoerth et al. 2003; Schreiber et al. 2005;
Ogawa et al. 2009). Although increased cognitive impairment
in bulbar-onset patients is frequently described, other studies
have failed in finding a link between bulbar-onset and cogni-
tive decline (Kew et al. 1993; Mantovan et al. 2003; Ringholz
et al. 2005; Rippon et al. 2006).
In conclusion, these composite studies show that a sig-
nificant subgroup of ALS patients exhibit cognitive deficits
affecting frontal lobe functioning, specifically in planning,
attention, and verbal, and nonverbal fluency. There is also
minor involvement in memory and language skills, which
could be due in part to frontal dysfunction. The level of ab-
normality ranges from overt dementia, meeting criteria for
FTD, to subtle impairments detected only by neuropsycho-
logical testing. The neuroimaging studies in nondemented
ALS patients strongly indicate an organic basis to the frontal
deficits detected on neuropsychological testing and a task
force to further detect nonmotor changes in ALS has been
created (Tsermentseli et al. 2012).
Longitudinal studies
With regard to the progression of the cognitive decline in
ALS, the current opinion is that the cognitive impairment
slowly declines over the course of the disease. Strong et al.
(1999) found a progression over time of the cognitive deficits
across several domains, including workingmemory, problem
solving, mental flexibility, recognition memory for words
and faces, and visual-perceptual skills in five patients with
bulbar-onset ALS, while limb-onset ALS patients showed no
decline at the six months follow-up. A MR spectroscopy fol-
lowing the neuropsychological testing demonstrated a signif-
icant neuronal loss in the anterior cingulate gyrus in bulbar
patients that was evident early in the course of cognitive im-
pairment and correlated with the appearance of impaired
cognition. Another longitudinal study noted that cognitive
deficits were present at initial testing and, after the early
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decline, seemed to remain stable over time in contrast to
motor decline; in addition, bulbar-onset patients performed
worst in many neuropsychological tests than spinal-onset
ones and this subgroup difference increased on follow-up
(Schreiber et al. 2005). These findings were replicated by an-
other longitudinal study (Abrahams et al. 2005) in which
selective deficits in spoken and written verbal fluency did not
show deterioration over a six months period in a group of
nondemented ALS patients. In a study by Robinson et al.
(2006), no significant and meaningful between-group and
within-group differences in cognitive function were found
over time. Individual analyses, however, showed that seven of
19 ALS patients developed abnormal cognitive performances
especially in tests that assess short-term recognition mem-
ory,hypothesis generation,workingmemory, verbal learning,
and verbal long-term recognition memory over a six-month
period.
Overall, most studies demonstrate a slow progression of
cognitive symptoms in ALS relative to motor decline and
show that these cognitive deficits are present early in the
course of the disease.
Overlapping between ALS and FTD
Although ALS and FTD are two different entities, it is now
clear that these disorders are neurodegenerative conditions
with overlapping clinical andneuropathological features. The
overlap is further confirmed by the presence of the ubiqui-
tinated Tar DNA binding protein (TDP-43) inclusions both
in FTD patients without tau pathology, as well as in sporadic
and familial case of ALS (Neumann et al. 2006; Kwong et al.
2007). Moreover, as will be described in the next section,
ALS patients show an impairment of cerebral regions beyond
the motor system, including cortical areas typically involved
in FTD and a proportion of ALS patients displays cognitive
and behavioral changes that in some instance reach crite-
ria for FTD Strong and Rosenfeld 2003; (Irwin et al. 2007).
Strong et al. (2006) found a pattern of mental change that
was indistinguishable from that of FTD in a group of patients
with dementia and ALS. In a large study involving 279 ALS
patients, 50% manifest cognitive impairment and 15% met
criteria for FTD (Ringholz et al. 2005). Murphy et al. (2007)
found a spectrum of frontal lobe dysfunction in half of the
patients, with five of them (22%) meeting neary criteria for
FTD. These studies support the hypothesis of a clinical con-
tinuum between ALS and FTD, according to which FTD is an
integral component of ALS and can be expected in any ALS
patients. The timescale of onset and the pattern of the cog-
nitive symptoms in FTD/ALS are not clear, but reports have
suggested that FTD reflects one endof the disease continuum.
However, this argument is difficult to supportwhen consider-
ing that some studies have found no meaningful progression
of cognitive deficits over time. If cognitive deficit exists, these
could affect an assessment in these patients; in general, there
is always cognition needed as prerequisite to test cognition.
More, BCI could also have problems when deficits exists. To
overcome this circularity could be more effective to use a
P300 BCI system. The good thing about P300 BCI is that
the response itself does not need major load of cognition to
perform a P300 ERP (P300 is used in unconscious patients
as well and an oddball paradigm should nevertheless work).
So if the production of the signal does not need any cog-
nitive load than testing with cognition with BCI is just the
same as testing cognition with paper and pencil which is a
standardized procedure. The use of BCI in ALS patients with
cognitive impairment has already been studied (Iversen et al.
2008a; Perego et al. 2011).
Neuroimaging and psychophysiological
evidences of extra-motor involvement in ALS
Neuropsychological data are supported by neuropatholog-
ical evidence obtained in ALS with both conventional and
modern neuroimaging approaches highlighting extra-motor
cortical atrophy in such disease. Voxel-based morphome-
try (VBM) studies showed that regional gray matter (GM)
loss is not confined to motor regions, but is extended to the
frontal, temporal, parietal, and limbic regions (Grosskreutz
et al. 2006; Turner et al. 2007). In particular, the frontal re-
gions have been observed to have the most severe atrophy in
patients with ALS and FTD. By employing VBM, Abrahams
et al. (2005a) reported white matter (WM) reductions in the
medial temporal lobe, anterior cingulate gyrus, and medial
frontal lobes in a group of ALS patients with impaired verbal
fluency scores. Among the modern structural neuroimaging
methods, diffusion tensor imaging (DTI) has provided evi-
dence of significant reduction of fractional anisotrophy (FA)
not only in CST but also in extramotor regions, including
frontal, temporal, parietal and occipital WM, corpus callo-
sum, the hippocampal formation, and the insula (Sach et al.
2004; Sage et al. 2007; Senda et al. 2009; Lule et al. 2010).
Functional neuroimaging has supported the clinical findings
of frontal cortical involvement not only in patients with an
ALS/dementia complex but also in patients with ALS and
subclinical cognitive impairment. Abnormal activations ex-
tending beyond the sensorimotor cortex in ALS has been
proved in PET and fMRI studies during motor execution
tasks and verbal fluency tasks. In particular, a hypoactivation
has beenmeasured in dorsolateral prefrontal cortex (DLPFC)
in both conditions (Kew et al. 1993; Stanton et al. 2007). Fur-
thermore, hypoperfusion in the frontal cortex in ALS with
or without cognitive deficits measured with PET (Ludolph
et al. 1992) and fMRI (Tanaka et al. 1993) and association
of reduced frontal executive function and reduced activity
in frontoparietal areas measured with PET has been shown
(Abrahams et al. 1996). Other functional imaging studies
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have provided further evidence for extra-motor involvement
in ALS (Lule et al. 2007; Han and Ma 2010; Mohammadi
et al. 2011). The combination of neuropsychological mea-
sures andmultimodal neuroimaging approach seem promis-
ing in highlighting the cerebral mechanism underlying ALS
cognitive deficits, identifying the differential role of GM and
WM dysfunctions.
An important contribution in the study of extra-motor
functions is represented by event-related potentials. Some
studies have showed that some ALS patients produce less
typical ERPs than healthy matched subjects (Paulus et al.
2002). A previous ERP study in patients with sporadic ALS
found that P3a and P3b amplitudes of ALS patients were
lower compared with controls, and P3a latencies were sig-
nificantly longer (Hanagasi et al. 2002); ERP recordings in
nondemented patients with sporadic ALS also showed pro-
longedN200 andP300 latencies compared to healthy controls
(Gil et al. 1995). By employing neuropsychological measures,
ERPs and clinical scales, Ogawa et al. (2009) studied a sample
of patients with early stage sporadic ALS. They found that
patients with the bulbar-onset type showed marked prolon-
gation of P3 latency compared to patientswith the limb-onset
type and controls. Furthermore, correlation studies revealed
that the relative bulbar functional rating scale correlated with
prolongedP3 latency and lowP3amplitude.These results fur-
ther suggested that patients with bulbar-onset ALS had con-
sistently poorer cognitive test performance than those with
limb-onset ALS (Schreiber et al. 2005). In addition, a signifi-
cant correlation was found between the respiratory function
tests and P3 amplitude, by suggesting that ventilatory impair-
ment overrides cognitive impairment caused by the disease
itself.
The described evidences with regard to the P300 compo-
nent of the ERPs in ALS patients suggest the presence of
an impairment of novelty detection mechanisms, which are
associated with the dorsofrontal–orbitofrontal and anterior
cingulate cortices. Such results confirm the dysfunction of
the frontal network in ALS, according to neuropsychological,
neuroimaging, neuropathological, and genetic evidences and
with the hypothesis of an overlapping between ALS and FTD.
The discussed abnormalities in brain structures and func-
tions and in psychophysiology observed in ALS, which turn
into an impaired cognitive profile in a consistent proportion
of patients, apparently represent a challenge for the use of
P300 as an input signal in BCIs. However, some studies have
investigated this issue, providing encouraging results against
the hypothesis of a generalized “ALS illiteracy.” In particular,
Ku¨bler and Birbaumer (2008) investigated the relationship
between the level of motor and physical impairment and the
ability to use brain computer interface, by comparing three
different BCI systems (P300, SCP, and sensorimotor rhytms
[SMRs]). They found no continuous decrement in BCI per-
formance with physical decline, even if in completed locked
in state (CLIS) no communication was possible. According
to these evidences, the major challenge remains the use of
BCI-based systems with CLIS patients, who have the greatest
need for a BCI in order to communicate.
Cognitive assessment of ALS and locked-in
syndrome (LIS) patients through BCI-based
AAC systems
BCIs have been studied with the primary motivation of pro-
viding assistive technologies for people with severe motor
disabilities, particularly locked-in syndrome (LIS) caused by
neurodegenerative disease such as ALS or by stroke. These
patients are conscious and alert but they are unable to use
their muscles and therefore can not communicate neither
vocally nor by writing (Kubler et al. 2001b). In LIS, vertical
eye movements and eye blinks are spared while in the com-
plete LIS (CLIS) patient lose any control of the eye muscular
response.
BCI usually requires a training that can be physically and
emotionally very exhausting forpatients, especiallywhen they
show some degree of cognitive impairment. Moreover, the
possibility that some of them could fail to use BCI at all must
be considered.
Nowadays, the evaluation of cognitive abilities in patients
at the advanced stage of paralysis, such as ALS patients, still
represents a challenge, due to the fact that all standard as-
sessment tools for both verbal and nonverbal cognitive abil-
ities involve a motor response. Besides, even tests relying on
some form of rudimentary motor function such as blinking,
nodding, or pointing (Anastasia and Urbina 1997), are not
administrable to totally locked in patients.
Iversen et al. (2008b), aimed at assessing some cognitive
functions in completely paralyzed ALS patients. Based on
previous results showing that some late-stage ALS patients
can learn to communicate with high accuracy using only
their EEG (Kotchoubey et al. 1997; Pfurtscheller and Neuper
1997; Kubler et al. 2001b), they developed a slow-cortical
potentials (SCP) EEG BCI.
In a first study (Iversen et al. 2008a), training was applied
to two severely paralyzed ALS patients, during which the
patients could learn to control certain components of their
EEG in order to direct the movement of a visual symbol on
a monitor. Following, a series of two-choice cognitive task
were administered. For example, a noun and a verb were
presented, one in each choice target, and the patients were
given the verbal instruction to steer the cursor to the noun
on each trial. Similarly, other tasks assessed basic abilities
such as odd/even number discrimination and discrimination
of larger/smaller numbers, with stimuli varying according to
the level of complexity. Performance was also assessed using
a matching-to-sample paradigm, which was used to examine
the ability to discriminate numbers, letters, colors, and to
perform simple calculations.
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In a successive study, Iversen et al. (2008b) employed
the same SCP-EEG control in order to administrate a
conditional-associative learning task to a late-stage ALS pa-
tient, testing the ability to learn arbitrary associations among
visual stimuli. In both studies, a good level of accuracy was
observed in detecting patients performances, according to a
within subjects experimental design. Patients were also able
to understand the verbal instructions and to respond accord-
ingly in the successive tasks.
However, this method owns some important limitation:
first, it requires an extensive pretraining in order to learn to
control EEG,which can take someweeks; second, themethod
cannot be used for tasks based on recall or where a choice
must be made among more than two stimuli.
Differently from all other existing BCIs, in P300-based
BCIs learning of self-regulation of the brain response and
feedback is not necessary. Moreover, the short latency of the
P300 allows much faster selection of letters than any other
BCI system. On the other side, the use of P300 requires, as
a precondition, an intact visual system, at least for the visual
modality, which has been proved to be more reliable than the
auditory one, and preserved ability to pay attention, which
can represent a problem in some patients.
Despite the several advantages of P300-based BCIs, to date
this approach has not been employed yet for the cognitive
assessment of locked-in patients.
However, some recent studies have preliminarly investi-
gated the possible use of different kind of BCI-based sys-
tems to administer neurocognitive tasks (Cipresso et al.
2011; Perego et al. 2011). This could represent a promis-
ing step toward the application of such approach to ALS
patients.
To date P300 has been mainly used for communication
purposes, while the few attempts performed in the cogni-
tive assessment of those patients have employed other ap-
proaches. There is no apparent reason for this; probably,
works showing promising results in training SCP mod-
ulation in neurofeedback experiments have lead to focus
on this approach, as showed by previous described stud-
ies (Iversen et al. 2008a, b). However, the possibility to re-
duce the amount of time required for the users training
represents a very important chance in order to extend the
use of AAC also for cognitive assessment purposes. Then,
the field of research about the development of cognitive
tasks based on BCI for patients with motor disabilities is
still at its infancy, and represents an interesting area to be
developed.
Discussion: AAC with BCI for ALS and
Future Challenge
The aim of the AAC is to provide solutions to facilitate and
increase interaction between the user and his environment,
using the ensemble of knowledge, strategies, techniques,
and technologies most suitable to meet the user’s needs for
communication. Thanks to the technology made available
by the AAC, many patients with severe disabilities can use
tools that allow them to communicate (Beukelman et al.
2007).
As previously described, communication difficulties are
the most critical symptoms as perceived by ALS patients.
Dysarthria makes verbal communication progressively dif-
ficult and ultimately impossible. The choice of appropriate
alternative communication methods is crucial and it ranges
from pen and paper and alphabet board as long as the patient
is still able to use upper limbs, to electronic communication
devices. Patients with very limitedmobility who cannotman-
ually use amouse or a keyboard can take advantage of the use
of gaze communication systems, which use eye tracking to
allow communication. Such systems have a camera mounted
at the bottom of the screen that “tracks” the eyes as they
move across the screen. The viewer’s precise gaze-point at
an onscreen keyboard is detected and it allows the patient to
spell amessage for speech or text output. Software also allows
to switch lights and appliances on and off and to dial tele-
phone numbers. The systems are compatible with personal
computers or AAC devices.
One of themost critical needs for people with severemotor
disabilities to retain a good quality of life (QoL) is restoring
the ability to communicate. Several studies showed that the
reported QoL of patients with CLIS is quite good if they can
communicate with caregivers and family (Perelmouter and
Birbaumer 2000).
Over the past 20 years, several patients with ALS and LIS
have been trained with BCI not only in research laboratories,
but also in their home.
Birbaumer et al. (1999) first developed a communication
system for completely paralyzed patients with ALS that em-
ployedSCP todrive anelectronic spellingdevice.Twopatients
were trained to produce voluntarily positive and negative
SCPs and were provided by visual feedback. After achieving
at least 75% control, they began to use the spelling device, in
which letters were presented on a screen. Patients selected a
letter by progressively reducing letter strings containing the
desired letter by creating SCPs after its appearance. Many
other studies described BCI systems based on self-regulation
of SCPs in patients with physical impairment, thus support-
ing that these patients are able to learn to control changes in
their SCPs accurately in a sufficient way to operate an elec-
tronic spelling device (Kubler et al. 2001a, b; Wolpaw et al.
2002; Birbaumer et al. 2003). Although letter selection is
slow—1min for 1, 2 letters—it is reliable and precise enough
to allow patients to communicate.
Other researchers did extensive experiments using BCI
based on SMR rather than on SCP. Wolpaw and McFar-
land (2004) demonstrated that a SMR-based BCI provides
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subjectswith spinal cord injurieswithmultidimensional con-
trol of a cursor movement on a computer screen that could
be learned in a few sessions of training. The speed, accuracy,
and learning performance were comparable to those of in-
vasive BCIs. Ku¨bler et al. (2005) showed that four patients
with ALS learned to operate a BCI with rhythms recorded
over sensorimotor cortex and suggested that this kind of BCI
system could help ALS patients maintain a fairly good QoL.
To confirm these encouraging results, other studies have
confronted patients with various types of BCI to provide
them with a system that works best for each individual sub-
ject. In a study investigating the effects of psychological state
and motivation on BCI performance in ALS, Nijboer et al.
(2010) made a comparison between SMR- and P300-BCI
paradigms in order to assess which paradigm could be used
by most patients. A higher information transfer rate with
the P300-BCI, than with the SMR-BCI was found. More-
over, this information transfer rate could be achieved by pa-
tients after only one session with P300-based BCI, whereas
the use of SMR-BCI required more extensive training (10
training session). These results support the hypothesis that
P300 BCI requires no learning, while SMR regulation is a
skill that has to be learned by training. Therefore, P300-BCI
seems to be superior to the SMR-BCI for quick and reliable
communication.
Other studies evaluated the effectiveness of BCI systems
that operate by detecting a P300 signal. Sellers and Donchin
(2006) assessed its effects across three different stimulation
modes, that is, auditory, visual, and both, using a paradigm
based on a four-choice oddball. Thewords “yes,”“no,”“pass,”
and “end” were presented one at time as auditory, visual or
auditory, and visual stimuli. The subjects’ task was to count
the number of times the target, that is, “yes” or “no,” was
presented in a random sequence of the four choices. The
authors demonstrated that these stimuli can be used as a
P300-BCI control signal and they supported the effectiveness
of P300-BCI with a population of ALS patient, although the
sample size was small (N = 3). To extend these initial find-
ings, Nijboer et al. (2008) evaluated the ability to use a P300-
basedmatrix speller to communicate spontaneouswords and
phrases in a larger group of individuals with ALS. They also
tested the stability of their BCI performance in repeated ses-
sions over a prolonged period of time. In a two-phase study,
subjects completed the first 10 copy-spelling sessions (Phase
I) and then 10 free-spelling sessions (Phase II). The results
showed that severely disabled patients can use a P300-based
BCI for both cued and spontaneous text production and that
performance does not degrade over weeks and months, con-
sidering that the amplitude and latency of the P300 remained
stable for up to 40 weeks.
Recently, Silvoni et al. (2009) described results of training
and one-year follow-up of brain communication in early and
middle stage ALS patients using a P300-BCI. In addition,
they investigated the relationship between acquired BCI-skill
and the clinical status, including cognition and the degree of
physical impairment. A four choice visual paradigm was em-
ployed and the subjects were asked to reach with a cursor one
of four icons on a screen, representing basic needs (i.e., “I’m
hungry,”“I’m sleepy,”“I need a doctor,”“I would like some-
thing to drink,” etc.). The comparison between BCI-skill
of the training and follow-up protocols did not reveal any
difference, corroborating the hypothesis that patients main-
tain their communication abilities even after a long period
and even if the physical impairment progresses, although the
small sample size (N = 5) limits this conclusion. No signif-
icant relationship was found between BCI skills and clinical
status, including the cognitive abilities. The positive corre-
lation between patient’s age and some BCI skill parameters
showed that age could influence the acquisition of the BCI
skills. Theolder and themore inneed for aBCI apatient is, the
greater is his motivation to achieve control over a BCI com-
munication tool. Similar results were also found by Ku¨bler
and Birbaumer (2008) in ameta-analysis of all reviewed pub-
lications, in which the authors concluded that there was no
relationship between severity of the disease, physical decline,
and BCI performance, except for completely locked-in pa-
tients, who were unable to learn to use a BCI. Therefore, this
study supports the idea that a BCI system can be used in ALS
patients at early and intermediate stage of the disease, before
entering the locked-in phase.
The usefulness of BCI in CLIS still remains a matter of
debate. Ku¨bler and Birbaumer (2008) reported that the BCI
technology has been unable “to restore basic communica-
tion (yes/no) in patients who were in the complete locked-in
state at thebeginningof the training.”However,CLISpatients
showedERPresponses tooneormore complex cognitive task,
thus indicating partially intact processing stages in the CLIS
despite a reduced general arousal (Hinterberger et al. 2005).
Assuming intact processing modules and possible transfer of
already learned BCI communication from basic eye move-
ment control to LIS and CLIS, the question why patients who
enter the CLIS before learning BCI use do not acquire control
of their brain signals remains to be determined. However, in
order to prevent failure in BCI use, Ku¨bler and Birbaumer
(2008) suggest that users should be entered in BCI training
before the beginning of total locked-in phase.
As mentioned above, another available technology for
communication purposes is the eye-tracker system.However,
a main limitation of this system is the need of a preserved oc-
ularmotor ability, in order to point with the gaze toward the
target (letter or pictures) to be selected. Even if visual P300 re-
quires the patient to perform ocular movements and fixation
to some extent, several studies show that it can be employed
also with ALS patients in the late stage of the disease; in fact,
no continuous decrement has been observed in BCI perfor-
mance with physical decline (Ku¨bler and Birbaumer 2008).
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Conclusions
Some difficulties in the effective use of P300 BCIs can be
observed in neurological patients; among them, persons suf-
fering from ALS presenting specific cognitive profiles. A first
problemwhen using P300with such patients could be related
to the duration length of the training phase; in fact, even if
P300 usually does not require more than a calibration phase
with healthy persons, this does not always apply for patients.
When planning to use a P300 BCI system with neurological
patients, a high degree of flexibility must be considered. Due
to the increased level of fatigability showed by such patients,
it could be necessary to perform the training for a longer time
and to perform an adequate number of breaks. Some cogni-
tive difficulties more specifically related to ALS syndrome,
such as poor concentration, distractibility, and short-term
memory difficulties, should be taken into account, in order
to adequately plan and realize AAC sessions.
As we already discussed, cognitive assessment in ALS pa-
tients is quite difficult to be performed, due to the motor-
verbal impairment and the impossibility to use the traditional
paper and pencil tools. BCI has been recently investigated as
an alternative method to administer cognitive tasks, and the
collected evidence seems to be promising (see, for example,
Iversen et al. 2008a; Cipresso et al. 2012). At the moment,
P300 BCI has not yet been employed in order to realize an
alternative mean to perform a cognitive assessment of ALS
patients, even if it seems to offer some main advantages with
respect to other BCI systems available as discussed above.
These are mainly the short latency of the P300, allowing
much faster selection of letters, and the lack of need of train-
ing in order to learn to self-regulate the brain response and
feedback.
Starting from these considerations, a short protocol based
on the use of P300 BCI could be created. In particular, some
traditional neuropsychological tests could bemodified to cre-
ate computerized short versions that could be easily adapted
to BCI administration in a secondary step. Before adminis-
tering such protocol to ALS patients, it should be necessary
to obtain normative data from healthy population. So, a con-
trol group representative of the widest sample of patients,
with regard to age and educational level, should be recruited
and administered with the complete battery. Basing on these
data, cognitive profile of ALS patients could be depicted. It
is important to identify different strategies that allow a flex-
ible and dynamic use of this complex approach with those
patients who show cognitive impairments; for example, it
could be useful to increase stimulus duration or its size, in
order to reduce fatigability and attentional burden. In this
way, many different paths that are specifically tailored on
patients’ features could be successfully implemented.
The realization of a P300 BCI-based system, allowing both
the cognitive assessment and the development of an AAC
tool, could allow to perform a system which fits for user
needs; besides, it could also provide useful information for
clinicians and caregivers, in order to manage everyday care
and future intervention programs.
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